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A B S T R A C T
The mechanical efﬁciency of stepping to recover balance can be expressed by a biomechanical model
that includes the trunk inclination angle and the angle of the leg at the instant of stepping-foot contact.
The aim of the present study was to test the hypothesis that this model would accurately predict the
successfulness of recovery attempts (recovery vs. falls) following large backward perturbations. Ten
young participants were exposed to a series of 12 very large postural perturbations in the backward
direction by means of a support-surface translation. At the instant of stepping-foot contact, we
calculated the trunk inclination angle and the angle of the stepping leg with the vertical. Reaction time,
step duration, step velocity and step length were also determined. A logistic regression analysis revealed
that the model with leg and trunk inclination angles accurately predicted successful recovery, with a
more forward tilted trunk and a further backward positioned leg increasing the probability of success.
The set of spatiotemporal step variables was signiﬁcantly less predictive. Over the course of the
experiment, participants gradually became more successful in recovering balance, which coincided with
an increase in leg but not in trunk angles. In conclusion, the body conﬁguration at the instant of ﬁrst
stepping-foot contact accurately predicted successful balance recovery after a backward postural
perturbation. Given the observation that participants improved their performance by increasing their leg
angles, which suggests that it may be easier to improve this variable, compared to the trunk angle, by
exercise interventions.
 2011 Elsevier B.V. 
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Falls are a major health problem in the elderly, particularly
because of their important physical as well as psychosocial
consequences. Although there is convincing evidence for exercise
interventions to be successful in preventing falls [1], the
effectiveness of such interventions may be further enhanced by
a better understanding of the critical determinants of balance
recovery in the event of a loss of balance.
In addition to grasping for support, taking compensatory steps
is a common saving strategy to prevent a loss of balance becoming
a fall. Stepping to recover balance after a forward-directed postural
perturbation has been frequently studied in movement laborato-
ries in both young and older persons. Older persons generally failed* Corresponding author at: Department of Rehabilitation, Radboud University
Medical Centre, PO Box 9101, 6500 HB Nijmegen, The Netherlands.
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Open access under the Elsevier OA license.to recover balance at lower perturbation intensities than the young
[2–6]. At maximum recoverable perturbation intensities, age-
related differences included delayed reaction times, smaller step
lengths, lower step velocities, and lower joint torques of the
stepping leg after foot contact [2–7]. These variables have also
been demonstrated to associate with perturbation intensity and
with the likelihood of successful balance recovery [2,7–9].
Stepping responses to recover balance from a backward
postural perturbation have received less attention in the scientiﬁc
literature, despite the increased risk of particularly wrist fractures
associated with this fall direction [10]. Backward perturbations
were reported to result in falls at lower intensities compared to
those in the forward direction [11]. The vertical position of the hip
appeared to be a crucial factor in recovering from backward
perturbations during a sit-to-stance movement (i.e. from a
crouched position) [12], but the critical determinants for recover-
ing from perturbations to upright stance are yet to be determined.
In order to better understand balance recovery strategies after a
backward perturbation, Hsiao and Robinovitch [13] developed a
simple biomechanical model on the basis of the body conﬁguration
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the body inclination angle and the angle between the legs, which
collectively capture the potentially important variables of step
length, step velocity, and reaction time. They also found that the
body conﬁguration at the instant of stepping-foot contact indeed
distinguished between older female participants who recovered
balance with a single or with multiple steps.
The aim of the present study was to test the hypothesis that this
model would also distinguish between successful balance recovery
episodes and falls following a backward perturbation. To this aim,
we exposed a group of young participants to highly destabilizing
support-surface translations, to which the participants were
expected to fall in about half of the trials. We also hypothesized
that the model would predict the successfulness of the recovery
attempt more accurately than a set of spatiotemporal step variables.
2. Methods
2.1. Participants
A total of 10 young individuals (3 females, age 29.2  4.9 years, body mass
69.5  14.2 kg, body height 174.4  13.1 cm) participated in this study. None of the
participants reported any neurological or orthopedic disorder that could affect their
performance in the experiment. All participants gave written informed consent. The
protocol was approved by the Research Ethics Committee of Simon Fraser University.
2.2. Experimental protocol
The participants stood barefoot on top of a rigid platform mounted ﬂush to a
gymnasium mat (L  W  H: 480 cm  240 cm  30 cm). The platform was covered
by a rubber sheet that was made to translate horizontally by means of a linear
motor (T4D motor, Trilogy System Corporation, Webster, TX, USA). The translation
was always in the forward direction of the participants, thereby inducing a
backward loss of balance (Fig. 1).
After one practice trial, each participant was subjected to 20 balance
perturbations, 12 at high and 8 at moderate perturbation magnitude, in random
order. In both cases, the total displacement was set to 1.20 m with an initial
acceleration and terminal deceleration of 15 m/s2. The terminal velocity was 3 m/s
in the large and 1 m/s in the moderate perturbations. The participants were
instructed to try their best to recover balance. After the participants indicated they
were ‘‘ready’’, the experimenter started data collection and delivered the
perturbation after a random time interval between 1 and 7 s.
During the trial, the 3D positions of skin surface markers were recorded at
240 Hz with an 8-camera motion analysis system (Motion Analysis Inc., Santa Rosa,
CA). Markers were located at the top of the head, sacrum, and bilaterally at the
acromion process, lateral epicondyle of the humerus, distal end of the radius,
anterior–superior-iliac spine, greater trochanter, lateral epicondyle of the femur,
lateral malleolus, and 5th metatarsal. In addition, 3 markers were placed on the
translating rubber sheet.
We expected that the large perturbations would cause young participants to
exceed their limits of stability and fall in about half of the trials and require at least
two steps to recover balance. We did not expect the moderate perturbations would
induce falls. Participants were not constrained regarding which leg to use for
stepping and how to land in the event of a fall. For each trial, we noted whether the
balance recovery attempt was successful or whether a fall occurred (as deﬁned by
the pelvis coming to rest on the gymnasium mattress). For an example of both a
successful trial and a fall see Fig. 2.Fig. 1. Schematic diagram of the experimental setup.2.3. Data analysis
Marker position data were ﬁltered with a zero-lag 2nd order Butterworth ﬁlter
(10 Hz). Based on the biomechanical model as suggested by Hsiao and Robinovitch
[13], we determined the body conﬁguration at the instant of the ﬁrst stepping-foot
contact (deﬁned as the instant at which the horizontal velocity of the 5th metatarsal
marker relative to the translating rubber sheet equaled 0 m/s). The calculations for
body conﬁguration were slightly different from those by Hsiao and Robinovitch
[13], because these applied to a backward step in which the stance foot was still on
the ground at the instant of stepping-foot contact. In contrast, our participants had
usually lifted the stance foot before the stepping foot contacted the ground.
Therefore, we calculated the body inclination as the angle (in the sagittal plane)
between the vertical and a line connecting the mid-shoulder to the mid-pelvis
position (with a positive angle representing a forward tilted trunk). The leg angle
was calculated between the vertical and a line connecting the mid-pelvis and the
5th metatarsal of the stepping foot (with a positive angle representing a foot
position posterior to mid-pelvis (Fig. 2C).
In addition, we calculated reaction times (step onset deﬁned as >1 cm increase in
A-P distance between stepping and stance foot metatarsal markers), step length (A-
P toe-to-toe distance of the stepping foot corrected for surface displacement), step
duration, and step velocity (length/duration) as spatiotemporal step variables.
2.4. Statistical analysis
The statistical analysis was conﬁned to the large perturbations. To determine the
overall predictive value of body conﬁguration with respect to successful balance
recovery, we conducted a logistic regression analysis (including each trial as an
independent observation) with trunk inclination angle and leg angle as indepen-
dent variables and the result of the recovery attempt (success or failure) as the
dependent variable. This model was compared to the most predictive logistic
regression model with the spatiotemporal step variables as independent variables.
We also calculated Pearson correlation coefﬁcients between the leg and trunk
angles and the spatiotemporal step variables. In addition, for those participants who
had both successful and unsuccessful recovery attempts, we compared the average
trunk and leg angles between successful and failed trails with paired t tests. In order
to determine whether participants learned to improve their body conﬁguration
over the course of the trials, we conducted paired t tests to compare the leg and
trunk inclination angles in the last trial to those in the previous trials. All analyses
were performed in SPSS (version 16.0) using an alpha level of 0.05.
3. Results
A total of 116 of the 120 large-perturbation trials could be used
for analysis. In the remaining 4 trials essential marker data were
missing around the instant of stepping-foot contact. Two
participants were always successful, whereas one failed in all
trials. Seven of the 10 participants had both successful and failed
balance recovery attempts. Each of these failed the ﬁrst trial and
became gradually more successful over the course of the
experiment. The average success rate in the large perturbations
was 57.5  35.6%, with 17% success in the ﬁrst trial vs. 92% in the
last. Only one participant failed a moderate-perturbation trial. The
participants took an average of 3.0  0.2 steps per large-perturbation
trial. There were 14 trials with 2 steps, of which only 4 (all in one
participant) resulted in successful recovery.
The results for the large perturbations are presented in Table 1.
Both leg and trunk inclination angle were signiﬁcant predictors of
success (leg, p < 0.001; trunk, p = 0.002) and the combined
regression model of these variables explained 90.7% of the total
variance in recovery outcome, with more positive angles being
associated with a higher probability to recover balance. For 111 of
the 116 trials the successfulness of the recovery attempt could be
correctly classiﬁed on the basis of the leg and trunk inclination
angles (Fig. 3), according to the following equation
Probability of success ¼
1  1
1 þ e12:39þ1:11leg angleþ0:39trunk inclination angle
 
Hence, an increase in leg angle of 18 increased the odds of
successful balance recovery by threefold, which was equivalent to
a 2.868 increase in trunk inclination angle. In the ﬁve misclassiﬁed
trials (ﬁve participants with one trial each), the leg and trunk
Fig. 2. Examples of (A) a successful balance recovery trial and (B) a fall in response to the large perturbation. (C) Deﬁnitions of (positive) leg and trunk inclination angles, as
adapted from the biomechanical model of Hsiao and Robinovitch [13].
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distinguished successful and failed recovery attempts (Fig. 3). For
comparison, the average leg and trunk inclination angles for the
moderate perturbations were 0.8  7.28 and 6.8  7.18, which
values are well above the threshold for successful recovery.
With regard to the spatiotemporal step variables, the regression
model including reaction time, relative step length, and step
duration (all p values < 0.01) yielded the best predictive value with
18 misclassiﬁed trials and 67.6% explained variance. This was
signiﬁcantly less compared to the model with leg and trunk angle
(p < 0.001). Signiﬁcant correlations were observed between leg
and trunk angle and most of the spatiotemporal step variables
(Table 2). The strongest correlation existed between leg angle and
relative step length (r = .78), with larger steps yielding more
favorable leg angles.
The observed improvement in balance recovery over the course
of the experiment coincided with an increase in leg angles, asTable 1
Results of the logistic regression analyses for the large perturbations.
Mean  SD 
Biomechanical model variables (explained variance 90.7%)*
Leg angle (8) 10.7  8.1 
Trunk angle (8) 0.2  8.2 
Spatiotemporal step variables (explained variance 67.6%)*
Reaction time (ms) 170  15 
Absolute step length (cm) 52.2  14.4 
Relative step length (% BH) 29.4  6.8 
Step duration (ms) 184  27 
Step velocity (m/s) 2.80  0.54 
* Difference in 2 log likelihood between models of 47.629, p < 0.001.within participants, the angles in the last trial were signiﬁcantly
larger than those in the ﬁrst 4 trials (7.18 vs. 22.18 to 11.88; p
values 0.004–0.026). No such change was observed for the trunk
inclination angles (all p values > 0.121). Similarly, in the partici-
pants with both successful and failed trials, leg angles were higher
for successful recovery attempts (7.88 vs. 16.98, p = 0.002),
whereas trunk inclination angles were not signiﬁcantly different
(p = 0.165).
4. Discussion
The aim of the present study was to determine whether body
conﬁguration at the instant of foot contact of the ﬁrst compensa-
tory step would predict the successfulness of a balance recovery
attempt after a large postural perturbation. Supporting our
hypothesis, the results demonstrated that both larger stepping
leg and trunk inclination angles were signiﬁcantly associated withOdds ratio (95% CI) p value
3.037 (1.762–5.237) <0.001
1.474 (1.150–1.890) 0.002
0.931 (0.897–0.966) <0.001
– –
1.877 (1.432–2.477) <0.001
0.925 (0.879–0.974) 0.003
– –
Table 2
Correlations between biomechanical model variables and spatiotemporal step variables.
Reaction time Absolute step length Relative step length Step duration Step velocity
Leg angle .31** .73** .78** .67** .55**
Trunk angle .18 .43** .50** .52** .23*
* p < 0.05.
** p < 0.01.
V. Weerdesteyn et al. / Gait & Posture 35 (2012) 462–466 465recovery success and predicted the outcome of the recovery
episode more accurately than a set of spatiotemporal step
variables. A more forward tilted trunk and a further backward
positioned stepping leg increased the probability of balance
recovery. These favorable body conﬁgurations were also observed
consistently for the moderate perturbations, which resulted in
successful balance recovery in all but 1 trials. Although partici-
pants increased the leg angle (and recovery success) in the large
perturbations over the course of the experiment, no across-trial
changes in trunk angle were observed. This suggests increasing
reliance on (and perhaps greater importance of) leg angle than
trunk inclination angle as a compensatory strategy to recover
balance following backwards perturbations. Taking larger steps
seems to be particularly relevant in this respect, given the strong
association between step length and leg angle, which conﬁrms
previous reports on the role of step length in balance recovery
[2,6].
The present ﬁndings complement the work of Hsiao and
Robinovitch [13], who showed that the body conﬁguration at
stepping-foot contact distinguished between persons who recov-
ered balance with a single step and those who needed more than
one step. In the present study, the participants always needed
more than one step to recover balance. It is, therefore, quite
remarkable that body conﬁguration during the ﬁrst step so
accurately predicted recovery outcomes. This suggests that an
appropriate ﬁrst step was critical for balance recovery by enabling
participants to adequately perform the second step, and that the
second step may not be able to compensate for a non-optimal ﬁrst
step. Such critical role for the ﬁrst step in successful balance
recovery has previously been proposed by Cyr and Smeesters [14]
and the present study provides convincing supporting evidence.
The ﬁnding that body conﬁguration at foot contact of the ﬁrst
step was such a strong predictor of successful recovery hints at
differences in the mechanics underlying balance recovery between
forward and backwards perturbations. For example, during forward
perturbations the joint torques of the stepping leg have been shown
to be important determinants of successful recovery [2,7,15,16]. In
forward recovery attempts, large hip and knee extensor, and ankle
plantarﬂexor torques produce substantial negative work to dissipate
the body’s kinetic energy. However, in backward perturbations the0
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Fig. 3. Leg and trunk inclination angles for successful (asterisks) and failed
(diamonds) balance recovery attempts in response to large perturbations. The line
represents the combination of angles with 50% probability of success.stepping leg usually lands with the joints in relatively extended
conﬁgurations that, combined with their anatomy and end range of
motion, likely alter the mechanisms used to absorb energy.
Essentially, the stepping leg acts more like a passive strut than a
spring. Consequently, the position of the limb at step contact may be
more critical than the joint torques in explaining between-subjects
variability in recovering from a backward perturbation. It remains to
be determined whether a similar model would predict balance
recovery from a forward perturbation, where the limb tends to be
more spring-like.
The present ﬁndings also raise the question of which mecha-
nisms, prior to ﬁrst-step foot contact, underlie a person’s ability to
achieve a favorable body conﬁguration. Pijnappels and colleagues
[17,18] found that during forward balance recovery after tripping,
the joint torques of the stance leg, and particularly the ankle plantar
ﬂexion torque, discriminated between older persons who fell due to
the trip and persons who did not. They reasoned that these torques
resulted in a strong push-off with the ground reaction force directed
anteriorly to the whole-body centre of mass to counteract the
forward momentum of the body. An added beneﬁt of this strategy is
that it provides additional time for appropriate swing leg position-
ing. In balance recovery from backward perturbations during sit-to-
stance movements, the joint moments as observed in the stance leg
are indicative of a similar mechanism to counteract backward
whole-body angular momentum [19]. Unfortunately, our experi-
mental setup did not allow for measurement of the ground reaction
forces necessary to test this hypothesis and this remains an
interesting question for future study.
A limitation of the present study was that, for safety reasons, the
experiment had to be performed on thick mattresses. The padded
surface (both its physical characteristics and how it is perceived)
may have altered participants’ responses, for instance by rendering
the push-off mechanically less efﬁcient. The regression equation
may, therefore, not directly translate to balance recovery on a ﬁrm
surface.
A second limitation was that the experiment was conducted in
healthy young participants, whereas the problem of falls is
particularly relevant in the elderly and in people with (central
or peripheral) neurological impairments. For the same perturba-
tion intensities, we expect these groups of people to achieve
smaller peak leg and trunk angles as part of their balance recovery
responses compared to healthy controls and, therefore, to be more
likely to fall. It is for further research to determine the predictive
ability of the current model with respect to balance recovery in
these high-risk groups.
In conclusion, the present study demonstrated that the body
conﬁguration at the instant of ﬁrst stepping-foot contact is a very
strong predictor of successful balance recovery (vs. falling) after a
backward postural perturbation. The events in the time interval
between perturbation onset and the ﬁrst foot contact are crucial for
successful recovery. Participants improved their performance over
the course of the experiment by increasing their leg angles, which
suggests that it may be easier to improve this variable, compared to
the trunk angle, by exercise interventions. A more powerful push-
off of the stance leg may be a key factor in this respect, but further
research is needed to identify its precise role in the ability to
achieve appropriate body conﬁgurations for successful recovery.
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